Introduction
In mammals, a brief olfactory input sometimes causes longer-lasting behavioral, perceptual and emotional responses. For example, a short exposure to a fox odor, trimethylthiazoline, causes a prolonged fear response in mice that lasts at least a few minutes (Kobayakawa et al. 2007 ). Although there is evidence that olfactory signals can be prolonged, the neuronal mechanisms that mediate the transition from a brief odor input to the prolonged output responses in the olfactory system are not well understood.
The olfactory bulb (OB) is the first relay in the central olfactory system (Shepherd et al. 2004) , and mitral and tufted (M/T) cells in the OB sometimes show a persistent discharge (PD) that outlasts the odorant stimulus for tens of seconds (Lin et al. 2005; Takahashi et al. 2004) . In several cortical areas of the mammalian brain, short-term retention of a sensory stimulus is mediated by sustained discharge of cortical neurons in response to a brief sensory stimulus (Fuster 1995; Goldman-Rakic 1995; Major and Tank 2004) . Persistent activity of interneurons in C. elegans is considered to be a neuronal correlate of the prolonged behavioral response to odor withdrawal (Chalasani et al. 2007) ; by analogy, the PD of M/T cells might be responsible for the short-term retention of the odorant stimulus, and thus responsible for longer-lasting brain responses.
Odorant-induced PD of M/T cells might be caused by the prolonged activation of the olfactory sensory neurons (OSNs) in the epithelium by remnant stimulus odorants, or by the prolonged activation of the signal transduction machinery in OSNs. However, previous studies showed that OSNs cease firing a few seconds after the end of odor application (Chaput 2000; Pirez and Wachowiak 2008; Verhagen et al. 2007 ). This suggests that neuronal circuits in the OB might have mechanisms for regenerating the activity of M/T cells, and that the synaptic inputs from OSNs trigger these mechanisms to generate PD of M/T cells. Here, we addressed whether neuronal circuits in the OB actively participate in the generation of PD, and we analyzed in detail the properties of the PD of M/T cells in the dorsal part of the mouse OB. In this study, we show that both the duration of the PD, and the frequency of encountering M/T cells that show PD, are significantly lower in mGluR1-deficient OBs or in OBs treated with an mGluR1 antagonist. These results underscore the active role of the bulbar neuronal circuits in the generation of PD.
Materials and Methods

Animals
Experiments were performed on 18 adult male C57BL/6 mice (8 to 13 weeks old; 20 to 30 g; Japan SLC, Shizuoka, Japan), and three adult male mGluR1b-rescue mice (C57BL/6 background; 8 to 13 weeks old; 20 to 30 g) which were generated by introducing an L7-mGluR1b transgene expressing mGluR1b under the control of the cerebellar Purkinje cell-specific L7 promoter (Oberdick et al. 1990 ) into mGluR1 knockout mice (Aiba et al. 1994) , as described previously (Ichise et al. 2000) . mGluR1
is expressed only in Purkinje cells in mGluR1b-rescue mice (A.A., unpublished result).
Animals were anesthetized with medetomidine (0.5 mg/kg, i.p.) and urethane (0.6 g/kg, i.p.). Additional doses of urethane were given if necessary. Animals were prepared for acute electrophysiological recording from the OB according to methods described previously (Nagayama et al. 2004 ). Animals were placed in a stereotaxic apparatus (SR-6N, Narishige, Tokyo, Japan). Body temperature was maintained at 37.5°C using a homeothermic heatpad system (MK-900, Muromachi Kikai, Tokyo, Japan). Respiratory rhythms were detected using a piezo transducer (MLT 1010, ADInstruments Japan Inc., Nagoya, Japan). All experiments were performed in accordance with the guidelines of the Physiological Society of Japan and the animal experiment committee of the University of Tokyo.
Electrophysiology
For extracellular single-unit recordings from M/T cells, the bone overlying the OB and lateral olfactory tract (LOT) was removed using a dental drill and fine forceps. In eight mice, the dura was carefully retracted. A concentric electrode was inserted into the LOT (2.0 mm anterior to bregma, 2.3 mm lateral from the midline, approximately 5.5 mm from the brain surface) for electrical stimulation. A glass micropipette (1-5 MΩ) filled with 4 M sodium chloride was inserted into the antero-medial region of the dorsal OB (Takahashi et al. 2004) . The surface of the OB was sometimes covered with agarose (2%, dissolved in artificial cerebrospinal fluid [ACSF] ) to suppress its movement as a result of respiration and to maintain stable single-unit recordings. The position of the tip of the recording microelectrode in different layers of the OB was estimated by monitoring the configuration of LOT-evoked field potentials (Rall and Shepherd 1968).
Square current pulses (100 μs in duration, 20-100 μA) were used to electrically stimulate the LOT. The inter-stimulus interval was 3 s. Single-unit discharges were recorded from the external plexiform layer or the mitral cell layer. Neurons that showed an antidromic spike response to the LOT stimulation were defined as mitral cells.
Signals of single-unit discharges were amplified (MEZ-8301, Nihon Kohden, Tokyo, Japan), filtered (150-3 kHz; AB-610J, Nihon Kohden, Tokyo, Japan), and stored in a computer via an AD converter with Spike2 software (Cambridge Electronic Design, Cambridge, UK).
To monitor the depth of urethane anesthesia, the cortical EEG was recorded (Murakami et al. 2005) . A stainless-steel screw was threaded into the bone overlying the primary somatosensory cortex. Another screw was threaded into the bone overlying the cerebellum for reference. EEG signals were amplified (AB-610J, Nihon Kohden, Tokyo, Japan), filtered (0.5-100 Hz; EW-610J, Nihon Kohden, Tokyo, Japan), and stored in a computer.
For pharmacological experiments, an mGluR1-selective antagonist (LY367385; Tocris Cookson Ltd., Bristol, UK) was topically applied to the dorsal surface of the OB, in a manner similar to that described in a previous report (Gurden et al. 2006) . In short, LY367385 was dissolved in ACSF containing 124 NaCl, 3.0 KCl, 26 NaHCO 3 , 2.0 CaCl 2 , 1.3 MgSO 4 , 1.25 NaH 2 PO 4 , and 10 D-glucose (all in mM). A gelatin sponge (Yamanouchi, Tokyo, Japan) containing the LY367385 solution (15 mM) was applied to the surface of the OB for 30 to 50 min. For the control experiments, a gelatin sponge containing ACSF was applied.
Immunohistochemistry
Adult mice were deeply anesthetized, and transcardially perfused with saline and then with 4% paraformaldehyde (Nacalai Tesque, Kyoto, Japan). Brains and cranial bones were postfixed in 4% paraformaldehyde at 4°C for 1 day. These tissues were immersed in 0.5 M EDTA (pH 7.4) at 4°C for 5 days to decalcify the bones, and then in 30% sucrose for cryoprotection. Coronal sections (16 μm) were cut with a cryostat microtome (HM500-OM, Microm, Walldorf, Germany), and incubated with a rabbit monoclonal anti-mGluR1a antibody and then with an Alexa Fluor 546-conjugated goat anti-rabbit IgG antibody (Molecular Probes, Eugene, OR; 1:300 dilution). Sections were then stained with 4',6-diamino-2-phenylindole dihydrochloride (DAPI; Nacalai Tesque, Kyoto, Japan).
Odorant delivery
The following odorants were used in the present study: propylaldehyde (3CHO), butylaldehyde (4CHO), valeraldehyde (5CHO), hexylaldehyde (6CHO), heptylaldehyde (7CHO), propylamine (3NH 2 ), butylamine (4NH 2 ), amylamine (5NH 2 ), hexylamine (6NH 2 ), and heptylamine (7NH 2 ). Aliphatic aldehydes and amines were diluted to 1/10 (vol/vol) in odorless mineral oil, and applied to disposable syringe filters with glass microfiber (Whatman, UK) in the olfactometer. In some experiments, further dilutions were made in mineral oil for examining the odorant concentration-response relationship.
Odorants were delivered using a custom-designed olfactometer constructed of Teflon tubing (Bio Cromato, Japan) and solenoid valves (Takasago Electric, Japan), similar to a previously described procedure (Yoshida and Mori 2007) . Odorant vapor was produced by flowing clean (carbon-filtered) air through the disposable syringe filters which were loaded with 30 μl of the diluted odorants. Each odorant stream (100 ml/min) was mixed with a clean air stream to produce a total flow rate of 2000 ml/min.
The flow rates of the odorant and main streams were regulated using mass flow controllers (RK1250, Kofloc, Japan). The inter-stimulus interval was set to more than 10 s. The onset and duration (2 s) of odorant delivery were precisely controlled using a custom software program (LabVIEW, National Instruments, Austin, TX). The concentration of odorants at the noses of the mice was measured using a gas chromatograph fitted with a flame ionization detector. For example, when 3CHO was diluted to 1/10 in mineral oil and applied to the filter, the concentration of 3CHO at the animal's nose was 0.3 ppm (n = 2). When 3NH 2 was diluted to 1/10 at the stage of the filter, the concentration of 3NH 2 at the animal's nose was 0.2 ppm (n = 2).
Statistical analysis
Analyses of spike responses were performed offline using the Spike2 software. The duration of PD was determined as follows: the mean and standard deviation (S.D.) of the firing rate of spontaneous discharges before the odorant stimulation (6 s to 1 s before the stimulus onset; bin width = 0.5 s) were calculated. The onset of the spike response was defined as the first bin (0.5 s) in which firing rates exceeded the mean firing rate + 1.5 S.D. of spontaneous discharges. The end of the PD was defined as the first bin to be followed by three successive bins that did not exceed the mean firing rate + 1.5 S.D. of spontaneous discharges. An excitatory immediate spike response (ISR) was defined as a significant increase in spike discharge rate (more than the mean firing rate + 1.5 S.D. of spontaneous discharges) in bins during the 2 s of odorant presentation.
Spike discharges lasting more than 10 s were defined as PD.
We calculated the normalized magnitude of ISRs and afterdischarges by counting the number of spikes induced by each odorant during the stimulus period (0 to 2 s after the stimulus onset) and post-stimulus period (0 to 15 s after the stimulus offset). For the normalization, the number of spikes in each period was divided by the largest number of spikes evoked by the most effective odorant during that period.
To compare the magnitude of spike discharges during ISR and the initial part of the persistent afterdischarge (IP-PAD), the instantaneous and average firing rates during ISR (0 to 2 s after the stimulus onset) and IP-PAD (1 to 3 s after the stimulus offset) were calculated. For this analysis, responses of individual M/T cells to each odorant were examined in at least three trials. The magnitude of spike discharges between ISR and IP-PAD was statistically compared using the two-tailed Mann-Whitney U test. P < 0.05 was considered significant.
For comparing the magnitudes of ISRs (0 to 2 s after the stimulus onset), the firing rate of the largest response was determined for each neuron. The two-tailed Mann-Whitney U test was used to test for significant differences in the magnitude of the largest ISR between M/T cells in wild-type OB and those in mGluR1-deficient OB, and between M/T cells in the OB treated with ACSF and those treated with LY367385.
To compare the durations of excitatory spike responses, the duration of the longest excitatory spike response was determined for each neuron. The two-tailed Mann-Whitney U test was used to test for significant differences in the duration of the longest response between M/T cells in wild-type OB and those in mGluR1-deficient OB.
We examined the temporal change of the respiration phase-spike relation of M/T cells as follows. First, we divided the time window of one respiration cycle (360 deg) into 18 bins (each bin, 20 deg). For each M/T cell, we calculated the number of spikes occurring in each bin. We then calculated the respiration phase-spike histogram during the four successive respiration cycles after the onset of odor stimulation (during ISR), and determined the bin that showed the peak of the discharge. Next, we calculated the respiration phase-spike histogram during the four successive respiration cycles at a later part of the PAD (3 to 5 s before the end of the PAD). If the peak bin during the ISR differed by more than three bins from that during the later part of the PAD, we defined the M/T cell as showing a temporal change in the respiration phase-spike relation.
Results
Properties of M/T cell PD
To examine the PD properties, we recorded single-unit spike responses of M/T cells in the dorsal OB to a panel of stimulus odorants consisting of homologous series of aliphatic aldehydes (3CHO-7CHO) and alkylamines (3NH 2 -7NH 2 ). These odorants are known to be effective in inducing PD of M/T cells in the dorsal OB (Takahashi et al. 2004 ). To ensure the precise timing and duration of odorant stimulation, we used a computer-controlled olfactometer. Figure 1A was strongly activated by the stimulation of the olfactory epithelium for 2 s with 7CHO. The spike response lasted for more than 30 s, long after the stimulation had ceased. We refer to the PD that occurs after the cessation of odorant stimulation as "persistent afterdischarge (PAD)." Surprisingly, this cell showed such an abrupt increase in firing rate just after the cessation of odorant stimulation that the firing rate at the initial part of the PAD was higher than the firing rate of the ISR that occurred during the stimulation. Then the firing rate of the PAD gradually decreased. We noted that the burst spike discharges during PAD were synchronous with the animal's respiration cycles (see also Fig. 7) . We stimulated this cell eight times with 7CHO, and consistently observed PDs with similar durations (39.9 ± 3.1 s, mean ± S.D., n = 8) and temporal patterns.
Another cell was activated strongly by heptylamine (7NH 2 ), and the spike discharges lasted for more than 50 s after the cessation of odorant stimulation ( Figure   1B ). In response to 7NH 2 , this cell consistently showed PDs with durations ranging from 42.0 to 89.5 s (57.5 ± 14.7 s, mean ± S.D., n = 10). The burst discharges of this cell during PAD were also synchronous with the respiration cycles. Among 100 M/T cells that showed an excitatory spike response (spike frequency increase during odorant stimulation) to at least one odorant in the stimulus panel, 55 neurons (55.0%) showed PD longer than 10 s (PAD longer than 8 s).
If PAD of M/T cells were caused solely by the prolonged activation of OSNs, these burst discharges would be a simple continuation of the ISR of M/T cells that occurs during the period of odorant stimulation. In this case, the magnitude, duration and odorant specificity of the PAD of an individual M/T cell would be closely correlated with the magnitude and odorant specificity of the ISR of the cell.
To examine this possibility, we first compared the odorant specificity of the PADs and ISRs of individual M/T cells; the responses of a representative cell are shown in Figure 2 . As shown in the peristimulus time histograms ( Fig. 2A) , this mitral cell showed ISRs to 3CHO-7CHO, with the strongest ISR to 5CHO, and the ISRs gradually decreased with increasing or decreasing carbon-chain length (Fig. 2, A and B) . In contrast, PAD was consistently induced by 7CHO stimulation, but not by 5CHO stimulation, which induced only a short-lasting afterdischarge.
In 12 out of 22 M/T cells that we stimulated with a homologous series of aliphatic aldehydes or amines, the most effective odorant for inducing PAD was the same as that for inducing ISR. However, in the remaining 10 cells, including the one shown in Figure   2 , the most effective odorant for PAD differed from that for ISR. These discordant responses are inconsistent with the hypothesis that PAD is a simple continuation of the ISR. These results suggest that, at least in the 10 M/T cells with mismatched responses, additional mechanisms other than the prolonged activation of OSNs contribute to PAD.
To further examine whether PAD is a simple continuation of ISR, we next compared the firing rate between the ISR (0 to 2 s after the stimulus onset) and the initial part of the PAD (IP-PAD, 1 to 3 s after the stimulus offset). Both instantaneous and average firing rates of spike responses to 7CHO during the IP-PAD were significantly higher than those of the ISR (Fig. 3A) . In other words, the spike-firing rate increased after the cessation of odorant stimulation.
In 9 of 24 M/T cells examined in detail, the firing rate during the IP-PAD significantly exceeded that of the ISR (Fig. 3B ), indicating that these M/T cells were activated further after the cessation of odorant stimulation. Thus, PAD in these M/T cells is not a simple continuation of the ISR. In the remaining 15 cells, the firing rate during the IP-PAD was not significantly higher than that of the ISR.
We obtained further evidence for differences between ISR and PAD when we examined the odorant concentration-response relationship. (Fig. 5) . We used the same odorant concentrations for this analysis as in the wild-type mice. In agreement with previous reports (Baude et al. 1993; van den Pol 1995) , immunohistochemical examination of OB sections showed that mGluR1 is expressed strongly within the glomeruli and modestly in the external plexiform layer (Fig. 5, A and B) . In the mGluR1-deficient OB, we detected no mGluR1 immunoreactivity (Fig. 5B ). An example of an odorant-evoked spike response of an M/T cell in the mGluR1-deficient OB is shown in Figure 5C . There was no significant difference in the magnitude of ISR between 31 M/T cells in mGluR1-deficient OBs (median magnitude = 25.5 Hz) and 31 M/T cells in wild-type OBs (median magnitude = 26.0 Hz; P = 0.75, two-tailed Mann-Whitney U test; Fig. 5D ).
We first noted that the frequency of encountering M/T cells that showed PD was much lower in the mGluR1-deficient OB than in the wild-type OB. We recorded 31 odorant-responsive M/T cells in mGluR1-deficient OBs, and found that only 16.1%
(5/31) showed PD (Fig. 5E ), whereas 55.0% showed PD in wild-type OBs, as described above. In addition, the median duration of the odorant-induced spike responses of M/T cells in mGluR1-deficient OBs (3.0 s) was significantly shorter than the duration in wild-type OBs (14.3 s; P < 0.001, two-tailed Mann-Whitney U test; Fig. 5F ). These results suggest that mGluR1 participates in generating the odorant-induced PD of M/T cells.
Since mGluR1 is expressed by a wide variety of neurons in addition to M/T cells in the OB (Baude et al. 1993; Shigemoto et al. 1992) , the change in PD of M/T cells in mGluR1-deficient OB might not be due to a lack of mGluR1 in M/T cells. Instead, this change might be induced indirectly by a lack of mGluR1 in other types of neurons, including pyramidal cells in the olfactory cortex (Baude et al. 1993; Shigemoto et al. 1992 ). To examine whether mGluR1 expressed in the OB is involved in the generation of PD, we locally applied an mGluR1-selective antagonist, LY367385, to the OB surface in wild-type mice. An example of the odorant-evoked spike response of an M/T cell in the OB with LY367385 is shown in Figure 6A the spikes during PAD occurred in phase with respiration cycles and were suppressed at specific phases of respiration, raising the possibility that the activity of the excitatory feedback circuit is modulated by the respiration phase. To examine the respiration phase-related modulation of PAD in detail, we plotted the time course of the relation between respiration phase and spikes (Fig. 7) . A representative M/T cell responded to 7CHO with PD that lasted for 63.5 s (Fig. 7A) . Without odorant stimulation, this cell tended to fire during the expiration phase. When the nasal epithelium was stimulated with 7CHO, this cell showed intensive burst discharges (arrow with * in Fig. 7 , B and C) at the early phase of inspiration of the first respiration cycle, followed by spikes in the resting phase. The burst discharges during the inspiration phase decreased in the second respiration cycle, and were absent in the third and fourth cycles ( Fig. 7B-2) . Just after the cessation of odorant stimulation, the spike discharges occurred during the later part of the resting phase and the inspiration phase, and then gradually shifted to the inspiration phase and the early part of the expiration phase (Fig. 7C) . Such a temporal change in the respiration phase-spike relationship was observed in 66.7% of M/T cells (20/30 cells examined). The temporal change of the respiration phase-spike relationship is inconsistent with the idea that the odorant-induced spike discharges of M/T cells are caused by continued input from OSNs, which are activated during the inspiration phase.
The temporal change of the respiration phase-spike relation during PAD rather suggests a gradual change in modulation of the excitatory feedback mechanism by the neuronal circuit in the OB.
Discussion
The spike activity of an M/T cell associated with a glomerulus is thought to be shaped mainly by the following factors: (1) excitatory synaptic inputs from OSN axons innervating the glomerulus, (2) self-regenerative activity generated by recurrent excitation in the glomerulus, (3) lateral inhibition through the OB circuit caused by OSN axon inputs to other glomeruli, and (4) lateral inhibition through the OB circuit caused by self-regenerative activity in other glomeruli (Shepherd et al. 2004 ). Both the ISR and PAD of M/T cells are thought to be shaped by the combination of these four factors, but each of these factors may contribute differentially to ISR and PAD. For example, excitatory synaptic inputs from OSN axons would be quite large during the ISR period, whereas they would be greatly reduced during the PAD period (Chaput 2000; Pirez and Wachowiak 2008; Verhagen et al. 2007 ). Consequently, the lateral inhibition caused by OSN axon inputs to other glomeruli would be prominent during the ISR period, whereas it would be greatly reduced during the PAD period. This implies that PAD is mainly generated by a combination of self-regenerative activity in the glomerulus, and the lateral inhibition caused by self-regenerative activity in other glomeruli.
Our present observations on the disassociation between ISR and PAD are consistent with the above hypothesis. In about 45% of M/T cells, the most effective odorant for inducing ISR was different from that for inducing PAD. In about 37% of M/T cells, the spike discharge rate during the IP-PAD was significantly larger than that during the ISR. We noted in six M/T cells that the odorant concentration-response relationship was clearly different between the ISR and PAD. During the ISR period, the odorant selectivity, the response magnitude and the concentration-response relationship of M/T cells would be shaped not only by the OSN axon inputs, but also by the lateral inhibition through the OB circuit caused by OSN axon inputs to other glomeruli. During the PAD period, the possible reduction of the lateral inhibition due to the reduction of OSN axon inputs to other glomeruli would change the odorant specificity, the response (Fig. 8) .
Odorant-selectivity of PAD of individual M/T cells
Only a subset of M/T cells that showed ISR also showed PAD. Individual M/T cells responded with a PAD selectively to either one or a few odorants in the panel, and for each M/T cell, the odorant specificity of the PAD was more fine-tuned than that of the ISR. The present results also reveal the similarity between odorants that induce PAD and those that induce ISR. In about 55% of the M/T cells that showed PAD, the most effective odorant for inducing PAD was identical to that for inducing ISR. In the remaining M/T cells, the most effective odorant for PAD was not identical, but was similar, to the odorant that produced the largest ISR. These results suggest that the neuronal circuit in the OB can keep the selective odor information for tens of seconds as PAD, even after the cessation of odorant stimulation.
Because we focused, in this study, on the analysis of the properties of PDs, we Figure-5 (Matsumoto) Figure 5 . mGluR1 is involved in the generation of PD. A) Immunohistochemical examination of mGluR1 expression in the main olfactory bulb (MOB) and olfactory epithelium (OE). Coronal sections of the MOB and OE (from 8-week-old mice) were labeled with an anti-mGluR1a antibody (orange). mGluR1 was strongly expressed in the MOB, but it was not detectable in the OE. The labeled section was counterstained with DAPI (blue). D, dorsal; V, ventral. Scale bar: 500 m. B) High-magnification images of a labeled section of wild-type OB (WT; 13 weeks old) and of mGluR1-deficient OB (KO; 12 weeks old). In wild-type OB, the mGluR1 immunoreactivity was observed strongly in all glomeruli and modestly in the EPL, whereas in the mGluR1-deficient OB there was no detectable immunoreactivity. GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; GCL, granule cell layer. 
